Rehearsal mechanisms in human short-term memory are increasingly understood in the light of both behavioural and neuroanatomical findings. However, little is known about the cooperation of participating brain structures and how such co-operations are affected when memory performance is disrupted. In this paper we use EEG coherence as a measure of synchronization to investigate rehearsal processes and their disruption by irrelevant speech in a delayed serial recall paradigm. Fronto-central and fronto-parietal theta (4-7.5 Hz), beta (13) (14) (15) (16) (17) (18) (19) (20) , and gamma (35)(36)(37)(38)(39)(40)(41)(42)(43)(44)(45)(46)(47) synchronizations are shown to be involved in our short-term memory task. Moreover, the impairment in serial recall due to irrelevant speech was preceded by a reduction of gamma band coherence. Results suggest that the irrelevant speech effect has its neural basis in the disruption of leftlateralized fronto-central networks. This stresses the importance of gamma band activity for shortterm memory operations.
Every-day experience shows that any ongoing mental activity like a telephone conversation can easily be disrupted by background speech or speech-like stimuli. Especially the storage of new information in short-term memory [1] seems to be susceptible to external interference. Interestingly, simultaneous presentation of a tone or of white noise does not yield a corresponding disrupting effect. Numerous findings have been reported showing which materials disrupt phonological rehearsal processes that are necessary to transfer information into memory and keep it online for further processing [6, 11, 12] .
One major principle of the human brain system is the synchronization of neural activity [17] underlying the execution of cognitive processes such as object perception, speech comprehension or memory. Coherence, defined as the degree of similarity with respect to frequency, is mostly interpreted as a level of functional cooperation between different brain regions [8, 16] . In this study we used the coherence measure in a special way: a model-based or parametric approach to spectral analysis developed by Schack was chosen. It provides an estimate of the spectral density matrix by fitting an autoregressive moving average(ARMA) model to the observed time data [14, 15] . This method provides coherence values for every single sample point of an EEG recording and may therefore be suitable for tracking the high dynamics of cognitive processes. It was applied to investigate the neural dynamics -especially synchronization effects -underlying the classic irrelevant speech effect which has been well investigated in behavioural research [6, 12] .
In the current experiment 12 participants (ten female, aged 19-29 years, students and professionals) were tested in a delayed serial recall paradigm. In every trial a list of five bisyllabic concrete German nouns (balanced for frequency and semantic relatedness) [20] was presented sequentially on a PC screen with a presentation rate of 1 s per item and an ISI of 250 ms. After the presentation of the last noun, a fixation cross appeared for 10 s during which the items had to be retained in short-term memory. At the end of this interval three question-marks prompted the participants to recall the items aloud. To investigate rehearsal processes and their disruption, there were three experimental conditions (with 30 trials each): condition quiet enabled participants to subvocally rehearse the items, in condition noise participants were exposed to auditory stimulation (white noise) which was assumed not to disrupt rehearsal, and in condition speech participants were prevented from rehearsing by the presentation of irrelevant speech (digitalized radio recordings of speech without background noise or music). Both auditory stimulations were presented via headphones during the 10 s retention interval. Additionally, participants were tested in a simple detection paradigm as a control task intended to make demands on attention but not on memory. In the control tasks a fixation cross was presented for 10 s. During this time in some trials a small dot appeared for 100 ms in a region within a few millimetres around the fixation cross. Upon the presentation of the three question-marks at the end of the 10 s, participants had to indicate whether the dot had been there or not. Only 'no'-trials (30 out of 45 trials per condition) were analyzed. Exactly as in the memory paradigm, there were also three conditions (quiet, noise, speech) in the control task.
EEGs were recorded with the Neuroscan system at a rate of 250 Hz according to the 10/20 system with 19 scalp electrodes (Ag-AgCl). Artefact-free trials were analyzed for the 10 s retention interval. EEG coherence was computed for a 2 s period (the period between 2 and 4 s after the onset of the retention interval) using ARMA-based SpecTrial and SpecPara programs [15] in three frequency bands: theta (4-7.5 Hz), beta (13-20 Hz) and gamma (35-47 Hz). Inspection of coherence histograms led to the determination of 0.7 as the threshold for computing coherence duration.
The behavioural data indicated that our participants fell into two groups (Fig. 1) . The first group showed the classic irrelevant speech effect, i.e. noise and quiet did not differ in the percentages of correctly recalled word lists whereas speech differed significantly both from quiet and from noise. The second group of participants, however, did not show this disrupting effect of irrelevant speech. As the dependent variable in the EEG analysis we computed the duration of high coherence, i.e. the sum of all periods of coherence levels above a given threshold (0.7) during the retention intervals. This measure reflects the long-lasting strong communication between associated brain structures and might therefore be considered as an indicator of distinct mental processes performed by these structures. Fig. 2 shows the contribution of memory demands in performing the tasks. Comparing each memory condition to its respective control condition gives a picture of the underlying network co-operations. It is obvious that the theta band (4-7.5 Hz) seems to contribute more to the memory demands than the other frequency bands. The theta band shows synchronization changes especially at fronto-parietal and fronto-central electrode pairs which partially confirms previous findings of working-memory experiments showing enhanced frontal-posterior co-operations in the theta frequency range [13] . Common to gamma (35-47 Hz) and theta bands are co-operations between central electrodes suggesting the involvement of motor or premotor activations in the performance of rehearsal. Furthermore, the finding of synchronizations in the beta band (13) (14) (15) (16) (17) (18) (19) (20) at left lateral sites confirms the assumption that language-specific areas are involved in rehearsal [20] .
Comparisons within the memory conditions should reveal mechanisms of the nature of the irrelevant speech effect. Based on the behavioural data, a comparison of the two participant groups (disrupting speech effect vs. no irrelevant speech effect) was performed on the corresponding EEG data. Significant patterns in the gamma frequency range were found at central and left frontal electrode combinations (Fig. 3) . Coherence duration within and between these two regions does not differ between quiet and noise in either group but decreases significantly when storage of verbal material is disrupted by irrelevant speech according to the behavioural data. Interestingly, the group of participants that does not show the speech effect does not reveal this decrease of coherence either. Thus, the pronounced reduction of long-lasting synchronization of gamma activity in the underlying phonological rehearsal network might reveal the neural basis of the irrelevant speech effect.
EEG coherence can only partially be attributed to subjacent cortical areas [8] . It is more likely that deep structures of the human brain such as the hippocampus also contribute to gamma responses and to memory performance [3, 10] . Nevertheless, the topographic findings in our study strongly correspond to findings of neuroimaging studies, especially to those that reported that frontal, premotor and supplementary motor areas are involved in rehearsal processes of working memory [2, 5, 9] . Importantly, however, with gamma activity the brain has an optimal frequency to create a durable memory trace from a temporary representation [4, 18] and synchronization of this gamma activity is reduced when rehearsal processes are impaired. Further research needs to clarify the cross-talk between different frequencies [7, 14, 19] .
